H.M., a well-known subject with bilateral removal of medial-temporal-lobe structures and profound amnesia, performed eyeblink classical conditioning (EBCC) for 21 90-trial sessions in the 400-ms delay and 900-ms trace paradigms. A 2nd amnesic subject with temporal lobe lesions and 2 normal control subjects (NCSs) were also conditioned. Acquisition occurred in both paradigms for all subjects. Acquisition in the delay paradigm was prolonged in H.M. (perhaps because of his cerebellar degeneration in the vermis and hemispheres), but not in the 2nd amnesic subject. Amnesic subjects and NCSs showed more rapid acquisition in the trace than in the delay paradigm. Two years after initial EBCC, H.M. attained learning criterion in the trace paradigm in !/ H) th as many trials. No recollection of the experimenters, apparatus, instructions, or procedure was manifested by H.M. Results suggest that humans can condition in the 400-ms delay and 900-ms trace EBCC paradigms with the hippocampus radically excised.
Human long-term memory systems have been classified into two major forms: explicit (or declarative) memory and implicit (or procedural) memory (Cohen & Squire, 1980; Graf & Schacter, 1985) . Explicit memory, which can be conceptualized as learning with awareness, refers to the acquisition and retention of information about events and facts. It is assessed by accuracy on recall and recognition tests (e.g., word list learning). Four decades of amnesia research support the conclusion that medial-temporal/diencephalic memory circuits are critical for establishing long-term memory for events and facts (Squire, 1992) . In contrast, there is considerable evidence that medial-temporal/diencephalic memory circuits are not critical for several kinds of implicit memory (Schacter, 1987; Shimamura, 1986) . Implicit memory may be conceptualized as learning without awareness, which can be measured by changes in performance. It consists of multiple, dissociable processes, including (a) repetition priming effects and (b) the acquisition and retention of motor, perceptual, or problemsolving skills. Repetition priming is assessed by a decrease in Diana S. Woodruff-Pak, Department of Psychology, Temple University, and Laboratory of Cognitive Neuroscience, Philadelphia Geriatric Center, Philadelphia, Pennsylvania.
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Correspondence concerning this article should be addressed to Diana Woodruff-Pak, Department of Psychology, Temple University, Philadelphia, Pennsylvania 19122. Electronic mail may be sent to kioku@vm.temple.edu. reaction time or a bias in response to particular words or patterns as a consequence of prior exposure (during the experiment) to those words or patterns. Skill learning is assessed by improvement in speed and accuracy across trials on repetitive sensorimotor tasks (e.g., rotary pursuit learning).
Research on skill learning in amnesia was initiated by Milner and Corkin and their colleagues in the 1960s (Corkin, 1965 (Corkin, , 1968 Milner, 1965; Milner, Corkin, & Teuber, 1968) . For example, Corkin trained H.M., the most thoroughly studied subject with bilateral medial-temporal-lobe resection, on a variety of manual tracking and coordination tasks. Although he had no memory of performing the task, H.M. showed improvement from session to session. He had no explicit memory of the training sessions, but his performance improved in a fashion similar to that of individuals with intact medial-temporal regions. Amnesic subjects have shown robust learning of a number of motor skills (e.g., Parkin, 1982; Starr & Phillips, 1970) and perceptual and cognitive skills (e.g., Benzing & Squire, 1989; Cohen & Squire, 1980) . On repetition priming, Weiskrantz (1974, 1978) demonstrated that amnesic subjects could show normal retention of a list of familiar words when tested with word-stem or fragment cues, whereas these same subjects were profoundly impaired on free recall and recognition tests. Similarly, H.M. had severe recall and recognition deficits, but he had word completion priming scores equivalent to the mean of normal control subjects (NCSs). H.M. also showed a pattern of priming to nonverbal material (visually presented patterns) equivalent in magnitude to priming in NCSs (Gabrieli, Milberg, Keane, & Corkin, 1990) .
In addition to dissociations between implicit and explicit memory in amnesics in skill learning and repetition priming, these subjects show dissociations between implicit and explicit memory in various other situations including eyeblink classical conditioning (EBCC). Because it can occur even when the subject is not aware that learning is occurring, EBCC is implicit. Since the 1940s investigators have documented that there is little relationship between subjects' reported awareness and their performance in EBCC (Grant, 1973; Kimble, 1962; Norris & Grant, 1948; Spence, 1966) . Thompson (1989) elaborated on the aspects of EBCC that qualify it as a procedural or explicit task. Along with any discrete behavioral response learned by mammals to deal with an aversive event, EBCC is a category of associative learning that appears to involve the cerebellum in acquisition and storage of the memory trace.
One advantage in using EBCC as a behavioral measure is that in rabbits, the neural circuitry underlying classical conditioning of the nictitating membrane (NM)/eyeblink response has been delineated extensively (Thompson, 1986 (Thompson, , 1990 . The ipsilateral cerebellum is essential for acquisition and retention (Lavond, Hembree, & Thompson, 1985; McCormick & Thompson, 1984a , 1984b Steinmetz, Lavond, Ivkovich, Logan, & Thompson, 1992) . Pyramidal cells in the CA1 region in the hippocampus develop a neural model of the behavioral eyeblink response as rabbits acquire conditioned responses (CRs; Berger, Rinaldi, Weisz, & Thompson, 1983; Berger & Thompson, 1978a) . Although the hippocampus is engaged during acquisition in EBCC (Berger, Alger, & Thompson, 1976; Berger & Thompson, 1978b; Thompson et al., 1980) , rabbits acquire CRs normally in the delay paradigm in the absence of a hippocampus (Schmaltz & Theios, 1972; Solomon & Moore, 1975) . In contrast, lesions of the cerebellar interpositus nucleus in rabbits eliminate hippocampal CA1 pyramidal cell firing with the behavioral response (Clark, McCormick, Lavond, & Thompson, 1984; Sears & Steinmetz, 1990) .
Although the hippocampus is not essential for acquisition in the delay classical conditioning paradigm in rabbits, hippocampal manipulations can increase or decrease the rate of conditioning. For this reason the hippocampus is said to play a modulatory role in NM/EBCC (Berger, Berry, & Thompson, 1986) . Disruption of muscarinic receptors in the septohippocampal cholinergic system with scopolamine injections impairs acquisition of the conditioned NM response (Harvey, Gormezano, & Cool-Hauser, 1983; Moore, Goodell, & Solomon, 1976; Solomon, Solomon, Vander Schaaf, & Perry, 1983) and eliminates pyramidal cell activity in conjunction with the NM response (Salvatierra & Berry, 1989) . Electrical stimulation of the preforant path establishing long-term potentiation in the hippocampus causes more rapid classical conditioning in a discrimination paradigm (Berger, 1984) .
The standard arrangement of the presentation of stimuli in eyeblink conditioning is the delay paradigm. In the delay paradigm, the conditioned stimulus (CS) is presented first. In rabbits, optimal conditioning occurs when the interval between the CS onset and the unconditioned stimulus (US) onset is between 250 and 500 ms, and the tone and airpuff coterminate (Gormezano, 1966) . The optimal CS-US interval in humans is wider, extending from 400 to 1400 ms (Finkbiner & WoodruffPak, 1991) . In the trace paradigm, the CS is turned off before the airpuff is presented. A blank period intervenes between the CS and the US. The term trace is used because the subject must form a memory trace of the CS to associate it with the later arriving US. Two aspects of the experimental conditions usually differentiate the delay and trace paradigms: (a) There is no overlap between the CS and the US in the trace paradigm and (b) the interval between CS onset and US onset is normally longer in the trace paradigm. Providing older human subjects with a longer CS-US interval permits them to produce a higher percentage of CRs (Finkbiner & Woodruff-Pak, 1991; Solomon, Blanchard, Levine, Valezquez, & Groccia-EHison, 1991) .
There is some disagreement about the role of the hippocampus in the trace paradigm in rabbits. Several laboratories have reported that the timing of the CR in the trace (but not the delay) paradigm with a 500-ms trace interval is disrupted with removal of the dorsal hippocampus (James, Hardiman, & Yeo, 1987; Port, Romano, Steinmetz, Mikhail, & Patterson, 1986; Solomon, Vander Schaaf, Weisz, & Thompson, 1986) . Researchers in another laboratory argued that more complete hippocampal removal prevents acquisition in the trace paradigm with a 500-ms trace but not with a 300-ms trace (Moyer, Deyo, & Disterhoft, 1990) . The latter study used a 100-ms CS compared with a 250-ms CS used in the former studies. One of the aims of the present study was to compare the role of hippocampal removal in humans in the 400-ms delay paradigm and the 900-ms trace classical conditioning paradigm with a 500-ms trace interval.
Comparisons of the acquisition and retention of NM/EBCC in rabbits and humans reveal strong behavioral parallels between the two species on this learning task (Gormezano, 1966) . There are also parallel aging effects in rabbits and humans on NM/EBCC (WoodrufT-Pak, 1988) . Because of the clear behavioral parallels, investigators have begun to explore whether the brain structures engaged in EBCC in humans are the same structures involved in rabbits.
Studies with humans have examined classical conditioning in subjects with global amnesia, a condition that results from bilateral lesions of the medial-temporal/diencephalic system, and in subjects (presumably without global amnesia) who had unilateral temporal-lobe lesions. In a study of 2 amnesic subjects (1 subject with KorsakofFs syndrome and 1 postencephalitic [PE] subject), Weiskrantz and Warrington (1979) reported evidence of EBCC in the delay paradigm, with retention at 10 min and 24 hr. However, the subjects' performance was not compared with that of NCSs. The measures of conditioning consisted of subjective judgments about the occurrence of CRs and unconditioned responses (URs) made from a videotape. Daum, Channon, and Canavan (1989) replicated Weiskrantz and Warrington's (1979) results with 3 amnesic subjects (1 PE subject and 2 subjects with epilepsy of unspecified etiology). This study examined EBCC with a delay paradigm involving a 720-ms CS-US interval. Data on extinction, discrimination conditioning, and discrimination reversal were also collected. Responses were recorded and analyzed by computer. Results demonstrated that acquisition in the delay paradigm was intact. All 3 subjects were impaired in discrimination learning (measured by pairing the airpuff with one frequency of tone CS and not with a second different frequency of tone CS) and discrimination reversal (pairing the airpuff with the second frequency of tone CS and not with the CS frequency with which the airpuff was originally paired). The data on extinction were ambiguous and difficult to interpret. Unfortunately, data on NCSs were not provided in this study. In a subsequent study, Daum, Channon, Polkey, and Gray (1991) investigated electrodermal as well as discrimination conditioning in 17 NCSs and 17 subjects who had undergone unilateral en bloc resection of the right or left temporal lobe for the relief of intractable epilepsy. Daum et al. (1991) found that the acquisition of CRs was comparable in these unilateral hippocampectomized subjects to the normal control group but performance on discrimination conditioning was impaired. Subjects with unilateral hippocampal lesions produced CRs to both tone CSs, whereas NCSs discriminated by making CRs only to the CS to which the US was paired.
A recently published article on EBCC in 5 patients with pure cerebellar cortical atrophy and 7 patients with olivopontocerebellar atrophy demonstrated severe impairment in acquisition in these patients (Topka, Valls-Sole, Massaquoi, & Hallett, 1993) . These results supported the role of the cerebellum in the expression and timing of the CR. Solomon, Stowe, and Pendlebury (1989) reported impaired delay EBCC relative to NCSs in a subject with cerebellar dysfunction associated with an atrial myxoma (tumor in the heart). The subject presumably suffered multiple strokes caused by emboli from the tumor. Solomon, Stowe, and Pendlebury (1989) suggested that the lesions interrupted afferents to the cerebellum. Lye, O'Boyle, Ramsden, and Schady (1988) described conditioning in the delay paradigm in a subject with a lesion restricted to the right cerebellum. A total of 396 paired presentations of the CS and US to the right eye resulted in very few CRs. When the airpuffUS was switched to the left eye, CRs were elicited on 35 of 36 stimulus presentations beginning with the second trial. Results with patients reported by Topka et al. (1993) along with the two case studies provide initial suggestive evidence that the ipsilateral cerebellum is essential for EBCC in humans, just as it is in rabbits.
The primary purpose of the present study was to determine whether H.M., with almost complete bilateral removal of the hippocampus, would show normal performance in EBCC. This is not the first attempt to determine whether classical conditioning is normal in H.M. Some years ago, Kimura (reported in Milner et al., 1968 ) set out to classically condition H.M., intending to use a neutral stimulus as the CS, with an electric shock US, to elicit a galvanic skin response (GSR) as a UR. However, Kimura had to abort the experiment because H.M. showed no GSR to electric shock, even at intensity levels that NCSs found painful.
In addition to the large bilateral medial-temporal-lobe lesion, H.M. has marked cerebellar atrophy in the vermis and hemispheres. The cerebellar lesion could impair acquisition in both the delay and trace paradigms. For this reason, a 2nd amnesic subject with bilateral lesions in the medial temporal lobe resulting from herpes simplex encephalitis (the PE subject) was included in the sample. Given that the hippocampus is not essential for acquisition of the conditioned NM/ eyeblink response in the delay paradigm in rabbits, it was predicted that acquisition would occur in the delay paradigm, despite H.M.'s almost complete bilateral removal of hippocampus. In the trace paradigm, it was anticipated that H.M. and the PE subject might show some abnormal short-latency CRs. If the hippocampus is crucial for trace but not delay conditioning, both amnesic subjects should show more impaired performance in the trace paradigm than in the delay paradigm. Because H.M. has cerebellar atrophy, it was predicted that his acquisition might be impaired relative to NCSs. In contrast, the PE subject had neither clinical nor radiologic evidence of cerebellar abnormality.
The present study expanded on earlier studies in several ways. It incorporated delay and trace paradigms within a single experimental protocol, thus permitting a direct comparison of their efficacy in amnesia; it examined performance over long retention intervals (5 weeks and 2 years); it included a subject (H.M.) whose amnesia is profound and clearly attributable to extensive and well-documented bilateral medial-temporallobe resection (Corkin, 1984) ; it illustrated the effect of medialtemporal lesions with temporal neocortex intact (H.M.); and it included NCSs matched to each amnesic subject for age and sex.
Method

Subjects
The subjects were 2 men with amnesia associated with bilateral medial-temporal-lobe lesions and 2 NCSs. The NCSs were matched to the amnesic subjects on the basis of age and sex (see Table 1 ). The 1st amnesic subject (H.M.) underwent bilateral removal of medialtemporal-lobe structures (including the anterior 8 cm of the hippocampus) in 1953 for seizure control. H.M. had marked cerebellar atrophy in the vermis and hemispheres, probably the result of long-term treatment with Dilantin. H.M. was 64 years old at the time of initial classical conditioning sessions and had 12 years of education. NCS1 was 66 years old and had 16 years of education. The 2nd amnesic subject had medial-temporal-lobe lesions resulting from herpes simplex encephalitis, which severely damages medial-temporal-lobe structures and results in loss of CA1 pyramidal cells (Adams, Corsellis, & Duchen, 1984) . A computerized tomography (CT) scan performed 27 years after the onset of the disease showed tissue loss in the posterior, inferior aspect of the left temporal lobe, which corresponds to the left medial-temporal-lobe region. Given that the PE subject had herpes simplex encephalitis, it was assumed that damage to medial-temporallobe structures was bilateral, although left medial-temporal-lobe lesions were most evident in the CT scan. No cerebellar degeneration was apparent. The PE subject was 54 years old and had 16 years of education. NCS2 was 57 years old and had 12 years of education.
Apparatus for EBCC
The classical conditioning apparatus consisted of a portable, automated system with an infrared eyeblink detector and airpufT jet attached to headgear and input to an interface box containing a microprocessor and a miniature air compressor. The interface box was interactive with an IBM 386 computer. The headgear had an adjustable headband holding the airpuffjet and infrared eyeblink monitor. Filtered air was compressed in the interface box and delivered through a jet, which was set about 2 cm from the cornea. The voltage from the infrared device was amplified and differentiated; eyelid movement data were transferred to the computer for analysis and storage. From a speaker in the interface box, a 1000-Hz, 80-dB SPL tone CS was delivered. Air for the corneal airpuff US was compressed in the interface box, filtered, and delivered at a pressure of 5 to 15 psi. US intensity, comparable for all 4 subjects in the initial testing, was 7 psi. In the 2-year follow-up study with H.M., US intensity was increased and ranged from 7 to 14 psi during the two sessions. The timing of stimulus presentations for the tone CS and airpuff US was controlled by the microprocessor in the interface box.
Procedure
Subjects sat in a comfortable chair in a quiet room. Threshold for a 1000-Hz tone was determined with a Maico MA25 audiometer (Minneapolis, MN) using the method of limits. All 4 subjects' hearing was within the normal range, and each stated that he could hear the 80-dB tone CS very clearly. While the subject was looking straight ahead, the vertical distance between the upper and lower eyelids was measured in millimeters with a ruler to calibrate the eyeblink amplitude for data analyses. A silent videotape was played, and the subject was told to relax and watch the movie. Eyeblink rate was measured by counting the number of blinks for a 2-min period. Next, the adjustable headband holding the airpuff jet and infrared eyeblink monitor was placed on the subject's head and adjusted to record eyeblinks. Five to 10 US-alone presentations were given to adjust the infrared eyeblink monitor and to adjust airpuff intensity (5-10 psi) to yield a complete eyeblink. At this point, the examiner gave neutral instructions for the conditioning session. Subjects were asked to remain alert and attend to the tones; they were told the following: "Please make yourself comfortable and relax. From time to time you will hear some tones and feel some mild puffs of air in your eye. If you feel like blinking, please do so. Just let your natural reactions take over." At that point the experimenter answered any questions the subjects had and then initiated the classical conditioning trials.
The subjects viewed silent videos while the classical conditioning procedure was carried out. For H.M., three videos were alternated throughout the 21-session study, and two of these were the same videos shown to the PE subject. NCS2 saw two videos, one of which was the same for H.M. and the PE subject. A number of videos were used for NCS1, who was conditioned for 18 sessions. NCSl's interest in these videos varied, but the other 3 subjects were about equally distracted by each video. After each conditioning session, subjects were asked 12 standardized questions assessing their awareness of the CS-US contingency.
For the delay paradigm, CS duration was 500 ms. The US onset occurred 400 ms after CS onset; the US coterminated with the CS. For the trace paradigm, CS duration was 400 ms followed by a 500-ms blank period. This was followed by a 100-ms corneal airpuff US. The CS-US interval for the trace paradigm was 900 ms, whereas the CS-US interval for the delay paradigm was 400 ms. In both paradigms the intertrial interval (ITI) was random between 10 and 20 s. Acquisition sessions consisted of 90 trials and lasted about 45 min. Each session contained 10 blocks of 9 trials. The first trial of every block was a CS-alone trial and the next 8 trials were paired tone-CS and airpuff-US trials. Each 90-trial session consisted of 80 paired CS-US trials and 10 CS-alone trials.
The size of each subject's eyelid closure distance established the criterion size for a CR. A CR was scored in the delay paradigm when an eyeblink '/aith the magnitude of the total blink magnitude (0.5 mm for an average eye of 10 mm) or greater occurred in the interval between 100 and 400 ms after the onset of the CS. Eyeblinks with a latency of 0-100ms were not scored as CRs because they were thought to be reflexive or "alpha" responses to the tone (see Gormezano, 1966) and therefore not representative of associative learning. In the trace paradigm, a CR was scored for an eyeblink of 'Aith of the total blink magnitude or greater in the interval 100-900 ms after the CS onset. In addition to these scoring conventions, responding in the first 100 ms after the CS onset was scored in the trace paradigm because hippocampectomized rabbits have shorter latency responses in this paradigm (Port et al., 1986; Solomon et al., 1986) .
Experimental Design
The experiment with H.M. and NCS1 took place over a period of 8 weeks. In Week 1, H.M. received eight sessions and NCS1 received seven sessions of 90-trial, 45-min conditioning sessions with the 400 ms CS-US interval delay paradigm. Sessions 1 and 2 for H.M. and Sessions 1-3 for NCS1 were given on consecutive days, and the subsequent delay sessions were given in the morning and afternoon of the same day. Five weeks after the last delay session, H.M. and NCS1 received five sessions with the trace paradigm. Sessions 1-4 occurred in the morning and afternoon of 2 consecutive days, and Trace Session 5 occurred 36 hr later. After a 24-hr interval (5 weeks and 4 days after the last session in the delay paradigm), training in the initial 400-ms CS-US interval delay paradigm proceeded for six sessions. Sessions 9-12 occurred in the morning and afternoon of 2 consecutive days, and Sessions 13 and 14 occurred in the morning of the next 2 consecutive days. Two years after the classical conditioning experiment, H.M. was conditioned for two 90-trial sessions on 2 consecutive days in the 900-ms CS-US interval trace paradigm.
The PE subject and NCS2 received the 400-ms CS-US interval delay paradigm for two 90-trial sessions on 2 consecutive days. Five weeks later they received the 900-ms CS-US trace interval for two 90-trial sessions on 2 consecutive davs.
Results
Delay Paradigm: H.M.
Percentage of CRs. H.M. produced 5% of CRs in paired CS-US trials in the first session. In the initial sessions in the delay conditioning paradigm with the percentage of CRs in paired CS-US trials used as the measure, H.M. gave little evidence of conditioning (see Figure 1) . The mean percentage of CRs in paired trials for normal adult subjects in H.M.'s age range and older in the first session of the 400-ms CS-US interval delay paradigm was 32% (SD = 23; Woodruff-Pak & Thompson, 1988) and for subjects ages 60-69 years, about 56% (Solomon, Pomerleau, Bennett, James, & Morse, 1989) . It was not until Session 6 that H.M. produced a percentage of CRs in paired trials that was normal for his age (34%). Throughout the six sessions of the 5-week delay retest, H.M. produced sufficient CRs in paired trials (16% to 63%) to remain within one standard deviation of the mean achieved by normal older adults in one 108-trial session.
When the CS and US are paired, subjects have to produce a response within 400 ms for it to count as a CR. However, in the CS-alone trials, in which there is no airpuff US, a response was scored as a CR in the present study if it fell within the 1,200-ms epoch. On CS-alone trials, when H.M. was given a longer time period than 400 ms to respond to the tone CS, he gave much earlier evidence of classical conditioning, producing almost Percentage of conditioned responses (CRs) in the paired tone conditioned stimulus (CS) and corneal airpuff unconditioned stimulus (US) trials and in the tone CS-alone trials for H.M. in the 400-ms CS-US interval delay paradigm. There were 80 paired CS-US trials and 10 CS-alone trials per session. The first eight sessions were followed by a 5-week period without classical conditioning. Sessions 9-14 were initiated 5 weeks and 4 days after Session 8 in the first series of conditioning in the delay paradigm and 24 hr after five sessions of training in the trace classical conditioning paradigm. Trials to learning criterion (T/C) were the number of trials required to produce eight CRs in 9 consecutive trials.
60% of CRs by Session 3 and more than 85% of CRs by Session 5 (see Figure 1) . On the first session of the 5-week delay paradigm retest, H.M.'s CR level on the CS-alone trials was at 50%, and CR percentage on the paired CS-US trials only began to approach the level of CRs in the CS-alone trials in Sessions 12 and 13. For normal subjects, there is less of a discrepancy between percentage of CRs in paired CS-US trials and CS-alone trials than there was for H.M. Woodruff-Pak and Thompson (1988) reported the percentage of CRs for the CS-alone trials for normal adult subjects ages 60 to 83 years to be 35% (SD = 28). These are the same subjects who produced 32% of CRs in CS-US trials. Solomon, Pomerleau, Bennett, James, and Morse (1989) did not report the actual CS-alone percentage CR values for individual age groups, but these investigators reported a correlation of .87 between percentage of CRs for CS-US and CS-alone trials.
Response latency. H.M. is characteristically slow to respond (Corkin, 1968) . His difficulty in producing an eyeblink within 400 ms apparently delayed his acquisition of CRs in paired CS-US trials (see Figure 2) . In the first eight sessions in the delay paradigm, H.M. never had a mean eyeblink response shorter than the CS-US interval of 400 ms. It was not until Session 12 that he produced an average response faster than US onset (379.6 ms). He maintained this faster latency for Session 13 (383.9 ms), but in Session 14 his average response slowed to 423.0 ms.
Trials to learning criterion. Another means of measuring acquisition is to tabulate the number of conditioning trials it takes subjects to present a series of CRs (see Table 2 ). The criterion used in many laboratories is 8 CRs in nine consecutive trials. Trials to criterion is the number of trials until the first trial of a string of 8 CRs in nine consecutive trials. Whereas 70% of normal subjects ages 60-69 attained learning criterion within the first session (Solomon, Pomerleau, Bennett, James, & Morse, 1989) of CRs in Session 1 in paired trials, thus falling within the range of normal age-matched subjects. NCS2 had the highest percentage of CRs in Session 1 (76%), thus exceeding the normal range for his age group. The PE subject was at the low end of performance of normal subjects for his age range in Session 1 on percentage of CRs in paired CS-US trials (13%), but he improved to 44% of CRs in Session 2, matching the performance of NCS1. The PE subject's percentage of CRs in CS-alone trials was 33% in Session 1 and 88% in Session 2 (see bottom of Figure 3 ). His performance on CS-alone trials actually equaled the above average performance of NCS2 in Session 2. The PE subject's performance on CS-alone trials in Session 1 was comparable to the percentage of CRs in CS-alone trials of normal adults ages 50-59 years, which was 34% (Woodruff-Pak & Thompson, 1988) .
Response latency. Mean response latency for H.M. and NCS1, plus and minus one standard deviation of their respective mean response latencies for 14 sessions are shown in Figure 4 , along with the means and standard deviations for the PE subject and NCS2 in two sessions. H.M. produced eyeblinks within one standard deviation of NCSl's response. However, NCSl's mean response was, on average, occurring before the US onset and was thus a CR. H.M.'s mean response occurred after US onset and constituted a UR. H.M.'s mean response latency shortened over sessions until it was actually more rapid than NCSl's response latency in Sessions 11, 12, and 13. Only on Sessions 12 and 13 did H.M.'s average response attain the latency of a CR.
The PE subject's responses were just slightly slower than one standard deviation of NCS2's mean response latency. The PE subject had a mean latency occurring after US onset in the UR period, whereas NCS2 had an average response latency that was shorter than US onset and occurred in the CR period.
Trials to learning criterion. H.M. attained learning criterion in 473 trials. The results for trials to learning criterion are summarized in Table 2 . NCS1 attained a criterion of eight CRs in 9 consecutive trials in Session 4 after 315 trials. The PE subject and NCS2 attained learning criterion in the delay paradigm much more rapidly than H.M. and NCS1. The PE subject reached criterion on Trial 119, within the normal range for his age. NCS2, making criterion in 15 trials, attained criterion more rapidly than the average 20-year-old subject (Woodruff-Pak & Thompson, 1988) . UR assessment. The UR is a measure of the subject's reflexive ability to blink. If the UR is abnormal, valid assessment of associative learning in the EBCC paradigm cannot be made. For the 2 amnesic subjects as well as the NCSs, the blink reflex itself, as assessed by UR amplitude and response latency, was within the range of normal adult subjects of comparable age reported by Solomon, Pomerleau, Bennett, James, and Morse (1989) and Woodruff-Pak and Thompson (1988) . The amnesic subjects' blink rates were low: 1 blink per minute for H.M. and 2 blinks per minute for the PE subject. NCS1 had a relatively high blink rate of 25 blinks per minute, and NCS2 had a blink rate of 17 blinks per minute. Solomon, Pomerleau, Bennett, James, and Morse (1989) reported a spontaneous blink rate of about 16 blinks per minute for subjects in the 50-59-year-old age group and 17 blinks per minute for subjects in the 60-69-year-old age group.
An important control for performance factors in the classical conditioning paradigm is the amplitude of the UR. A measure of UR amplitude is computed for every trial on which there is an airpuff. UR amplitude is the peak amplitude occurring in the UR period 400-1,200 ms after CS onset.
Subjects with low-amplitude URs (less than 3.5 mm), who may not be alert during the conditioning session, condition significantly less well than subjects with higher amplitude URs (Woodruff-Pak & Thompson, 1988) .
The raw score for UR amplitude was different for each individual because the vertical measurement between their top and bottom eyelids ranged from 8 mm to 12 mm: 8 mm for NCS2, 10.5 mm for H.M., 11 mm for the PE subject, and 12 mm for NCS1. Figure 5 illustrates UR amplitude for the 4 subjects over all classical conditioning sessions. In the delay paradigm, mean UR amplitude did not drop below 3.5 mm for any subject. UR amplitude was generally high for all 4 subjects and exhibited stability over sessions, at least in the initial delay training. In the six sessions of delay retesting, NCS1 exhibited extreme variability in UR amplitude as compared with H.M.
Trace Paradigm
Percentage CRs. All 4 subjects produced a higher percentage of CRs in the initial session in the trace paradigm than they had in the initial session of the delay paradigm, even though there was a 5-week interval between the last session in delay conditioning and the first session in trace conditioning (see In the two sessions in the trace paradigm in which the PE subject was tested, he produced an average of 46% of CRs. This performance was comparable to the performance of NCS1, although it was lower than the extraordinary performance of NCS2 (90%). There are no published data in the 900-ms CS-US trace paradigm on subjects in NCS2's age range, but Finkbiner and Woodruff-Pak (1991) reported on 10 subjects in the 18-30-year age range in that paradigm. Young subjects produced 62% of CRs (SD = 23). Thus, NCS2's performance in the trace paradigm exceeds one standard deviation of the performance of young adults. The performance of H.M., NCS1, and the PE subject fall within one standard deviation of the young adults' performance in the trace paradigm.
Percentage of CRs in the CS-alone trials were higher than in the paired CS-US trials in the initial sessions for H.M. (see Figure 6 ). However, given the longer CS-US interval, percentage of CRs in the two types of trials became about equal much sooner in training in the trace paradigm than in the delay paradigm. At the 2-year follow-up testing, percentage of CRs in the two types of trials was about equal from the first session. As indicated in Figure 6 , NCS1 also had better initial performance in the CS-alone trials, but the PE subject and NCS2 produced about as many CRs in the paired CS-US trials as in the CS-alone trials.
Response latency. The 900-ms CS-US interval in the trace EBCC paradigm provided H.M. with a longer period in which to produce an eyeblink before the US onset. H.M. achieved a response latency shorter than US onset early in the trace conditioning sessions (see Figure 7) . His mean response latency in Session 2 of trace conditioning was 702 ms. In the 2-year follow-up conditioning sessions in the trace paradigm, mean response latency was 599 ms in Session 1 and 623 ms in Session 2. H.M. required 12 sessions in the 400-ms CS-US interval in the delay paradigm to achieve a mean latency shorter than the 400-ms US onset latency.
Comparing the amnesic subjects' response latency in the trace paradigm with that of NCSs, both H.M. and the PE subject responded within one standard deviation of the mean response of the NCSs. From Figure 7 it can be seen that the mean response latencies of amnesic subjects and their normal controls were similar in the trace paradigm.
Trials to learning criterion. Five weeks after being tested in the delay paradigm, H.M. attained criterion in the trace paradigm in 91 trials. Two years after the first classical conditioning experiment, H.M. attained criterion in the trace paradigm in 9 trials. His initial acquisition was the slowest of the 4 subjects (see Table 2 ). NCS1 and NCS2 attained criterion in the trace paradigm on the first trial. The PE subject attained criterion in 16 trials. Young adults took a mean of 19 trials to Session 6 and no short-latency responses in Session 7. The PE subject had four responses in the 100-199 ms range in Session 1 and none in Session 2. NCS1 had the most short-latency responses: In the 0-99 ms category he had 1, 2, 4, 12, and 7 in Sessions 1-5; in the 100-199 ms category he had 30, 2, 17, 11, and 39 in Sessions 1-5. NCS2 had no responses in the 0-99 ms category. In the 100-199 ms category, he had 1 response in Session 1 and none in Session 2. UR amplitude. In the trace paradigm, UR amplitude for the 4 subjects was normal and was comparable to UR amplitude in the delay paradigm (see Figure 5) . All subjects exceeded a mean UR amplitude of 3.5 mm on each conditioning day, with the exception of NCS1, who had a mean UR amplitude of 3.14 mm on Session 2. On the other sessions, NCSl's mean UR amplitude exceeded 6 mm.
Measures of Explicit Memory
Recall of previous classical conditioning sessions. H.M. did not recall previous conditioning sessions. In each session, H.M. reported that he had not worn the conditioning apparatus before. For example, at the beginning of Session 7 of delay training, we asked him whether he remembered the headband we had put on his head at each session, and we showed it to him. His response was, "No, I don't." H.M. had no recollection of the experimenters, apparatus, instructions, or procedure, and he responded to each session as if it were novel to him.
When the PE subject returned for Session 2 of training in the delay paradigm, he did not recall the EBCC session the day before. When asked whether he remembered what he had done with the experimenters the day before, he said that he did not. However, when prompted by an experimenter's mentioning of tones and airpuffs, he said, "Oh, water in my eye. I thought it was water." The day before he had repeatedly stated that we were squirting water in his eye whenever the airpuff hit his eye.
Insight about the CS-US contingency. Spontaneous remarks of the PE subject indicated that he did have insight into the tone-airpuff contingency. This insight was demonstrated early in training, on Trial 19 of Session 1. This was a CS-alone trial to which he responded, "Why is there no water? Usually when the buzzer goes off, it shoots water." On Trial 28, which was also a CS-alone trial, he said, "Come on, I expect some water when the buzzer goes off."
To assess memory for the contingency between the tone and the airpuff, the experimenter asked subjects to complete a multiple-choice questionnaire at the end of each testing session. Examples of subjects' responses to selected questions asked after conditioning in the initial sessions (seven for H.M. Note. H.M. is identified by his initials, whereas the PE (postencephalitis) subject is identified by the etiology of his amnesia. Data reported are for the first seven sessions in the delay paradigm for H.M. and NCS1 and the first two sessions in the delay paradigm for the PE subject and NCS2. Dashes indicate that a particular response does not apply for the subject being tested. "Indicates an appropriate response. ""'Sometimes I blinked." and NCS1, two for the PE subject and NCS2) in the delay paradigm are presented in Table 3 . On the basis of these measures, only H.M. lacked explicit memory for the CS-US contingency. When asked whether the tone or the airpuff came first, he most frequently said that the airpuff always came first. He consistently said "No" to the question, "Did you realize that the tone came before the airpuff?" In contrast to H.M., the PE subject clearly recognized the CS-US contingency. After Session 1 in the delay paradigm, when the PE subject was asked what he did when the tone came on, he said, "At first nothing; then I got used to expecting the puff of air." To this same question asked at the end of delay Session 2, the PE subject said, "I waited for the puff." Both NCSs recognized that the tone always came on before the airpuff. When asked whether he made himself blink at the tone when he realized the tone was followed by an airpuff, NCS1 said, "Sometimes at the tone I would blink, but it was more like a reflex." This subject said repeatedly that he was not trying to blink to the tone, but a blink just occurred.
Discussion
To extend knowledge about the scope of implicit memory capacities in amnesia, the delay and trace paradigms of EBCC were administered to 2 amnesic subjects (H.M. and the PE subject) and to their respective NCSs (NCS1 and NCS2). The results add to the growing body of research demonstrating that the brain is composed of separable neural systems that subserve different components of memory. Previous research indicated that amnesic subjects with medial-temporal-lobe lesions are able to acquire CRs in the delay paradigm (Daum et al., 1989 (Daum et al., , 1991 Weiskrantz & Warrington, 1979) . We have demonstrated that amnesic subjects with medial-temporallobe lesions are able to acquire CRs in the 400-ms delay and 900-ms trace paradigms of EBCC. With H.M., it has been demonstrated that EBCC occurs in these delay and trace paradigms in the almost complete absence of the hippocampus. Parametric studies of a variety of delay and trace paradigms might identify some stimulus conditions in which hippocampectomized subjects would be unsuccessful in acquiring conditioned eyeblink responses. However, it is concluded that the memory system subserving explicit memory is not essential for EBCC, at a minimum in the 400-ms delay and 900-ms trace paradigms administered in this study.
Amnesics' Acquisition in the Delay Paradigm
H.M. acquired CRs to the tone CS in the delay paradigm, but his acquisition was slow in the paired trials at the 400-ms CS-US interval. In the first five classical conditioning sessions, H.M. produced an average 8% of CRs compared with the average of 46% of CRs for NCS1. The PE subject produced an average of 28% of CRs in the two sessions in which he was conditioned in the delay paradigm. The performance of NCS1 and the PE subject are within one standard deviation of the percentage of CRs for their respective age groups reported by Solomon, Pomerleau, Bennett, James, and Morse (1989) and Woodruff-Pak and Thompson (1988) . H.M.'s performance in the first five delay paradigm conditioning sessions was more than one standard deviation below the mean performance of older adults, and NCS2's performance (mean of 95% CRs over two sessions) was greater than two standard deviations above the performance of older adults in Woodruff-Pak and Thompson's (1988) study.
For H.M. to attain learning criterion, 473 trials were required compared with the 315 trials to learning criterion for NCS1. The PE subject required 119 trials to reach learning criterion, and NCS2 needed 15 trials. To our knowledge, there are no published data on classical conditioning in older adults with more than one session of conditioning. Thus, it is difficult to estimate the number of trials to learning criterion that are typical for adults ages 50-69. In 108 trials, 56% of subjects ages 50-59 years and 84% of subjects ages 60-83 years did not attain a learning criterion of eight CRs in 9 consecutive trials (Woodruff-Pak & Thompson, 1988) . In a recently completed doctoral dissertation study, 20 normal older adults with a mean age of 74 years were classically conditioned for two 90-trial sessions in the 400-ms CS-US interval delay paradigm (Finkbiner, 1993) . Only 25% of those subjects attained the learning criterion in 180 trials. Because 56% of adults ages 50-59 did not attain learning criterion in 108 trials in Woodruff-Pak and Thompson's study and 75% of adults ages 63-80 did not attain learning criterion in 180 trials in Finkbiner's study, it appears that classical conditioning in the delay paradigm was normal in the PE subject with bilateral hippocampal lesions, who attained criterion in the delay paradigm in 119 trials. The dependent measures of trials to criterion and percentage of CRs in the paired trials suggest that conditioning in H.M. in the delay paradigm was abnormal for his age group.
In the initial conditioning sessions, H.M. required more than 400 ms to blink to the tone CS, as evidenced by his performance in the CS-alone trials. Although H.M.'s mean response latency was within one standard deviation of the mean response latency of NCS1, H.M. typically did not respond within the CR latency period in advance of the US. This difficulty in producing an eyeblink within 400 ms apparently obscured H.M.'s acquisition of CRs in the CS-US paired condition, as measured by percentage of CRs occurring within 400 ms. When H.M. was given a longer time period to respond to the tone CS in the CS-alone trials, he showed a higher percentage of CRs than when required to respond rapidly in CS-US paired trials. H.M. had a low blink rate of one blink per minute; spontaneous blinks in the 1,200 CS-alone period are therefore not a likely explanation of his better performance in the longer CS-alone period. Using the dependent measure-percentage of CRs in the CS-alone trials-H.M. achieved a criterion close to 60% of CRs in Session 3 or within 270 trials. Evaluation of H.M. with the CS-alone measure yields the interpretation that his conditioning in the delay paradigm is relatively normal.
Performance of NCS1 was quite variable, especially in later sessions. Variability is apparent in divergent measures of CR percentage (see Figure 3 ) and in session-to-session variability in UR amplitude (see Figure 4) . The seeming decline in the performance of NCS1 could be attributed to boredom. NCS1 found the repetitive classical conditioning testing quite tedious. Human subjects typically participate in classical conditioning studies for one session. Data for NCS1 on the retest sessions indicate why repeated measures studies of EBCC are seldom carried out. NCS1 was generous with his time, always polite, and willing to comply with all instructions. However, his disinterest in a sequence of 18 classical conditioning sessions contrasts with H.M.'s motivated performance. H.M. came to each session eager to participate, and he told us on several occasions that he was pleased to help with this research. Classical conditioning sessions broke the normal tedium of H.M.'s routine, whereas they introduced tedium into the more active life of NCS1.
The second series of conditioning sessions in the delay paradigm occurred after a 5-week interval and 24 hr after five conditioning sessions in the trace classical conditioning paradigm. At that time, H.M. attained learning criterion in 276 trials, showing a savings of 197 trials. NCS1 attained learning criterion in the second delay series in 91 trials, showing a savings of 224 trials. As measured by savings in the delay paradigm, H.M.'s performance was similar to NCSl's. Thus, savings is a second measure of acquisition in the delay paradigm on which H.M. scored in the normal range.
Amnesics'Acquisition in the Trace Paradigm
Using percentage of CRs, response latency, and trials to criterion to assess performance in the trace classical conditioning paradigm, H.M. and the PE subject acquired CRs. Both amnesic subjects learned to make a CR in at least eight out of nine consecutive trials, thus suggesting that the hippocampus is not critical for trace classical conditioning in humans. Percentage of CRs for the amnesic subjects was within a standard deviation of percentage of CRs for young adult subjects. Amnesic subjects' response latency was within a standard deviation of the NCSs' response latency. Neither subject with hippocampal lesions produced many short-latency responses. NCS1 produced more short-latency responses than did the other subjects, and NCS2 produced a greater percentage of CRs than did normal young adults on this task. These results reflect the range of individual differences in human performance on EBCC.
An even more convincing demonstration of acquisition in the trace paradigm in the almost complete absence of the hippocampus occurred when H.M. attained learning criterion in nine trials 2 years after the initial conditioning experiment. In a 1-year follow-up study with normal elderly subjects, we observed that reacquisition of EBCC in the delay paradigm occurred with no evidence of retention (Ferrante & WoodruffPak, 1990) . Although he had no exposure to EBCC for 2 years, H.M. produced 67% of CRs in Session 1 and 80% of CRs in Session 2 in the 900-ms CS-US interval trace paradigm. The increase in US intensity from 7 psi in the initial sessions of the trace paradigm to 7 to 14 psi in the 2-year follow-up sessions may have contributed to more rapid acquisition in the follow-up session. US intensity has been shown to accelerate rate of conditioning (Gormezano & Moore, 1962; Prokasy, Grant, & Myers, 1958; Spence & Taylor, 1951) . At this higher US intensity, H.M. exhibited rapid conditioning in the trace paradigm, demonstrating that the hippocampus is not essential for classical conditioning in the trace paradigm.
The PE subject also showed dramatic acquisition in the trace paradigm and achieved learning criterion on the 16th trial, demonstrating normal performance in the trace paradigm in a subject with bilateral hippocampal lesions.
Explicit Memory
Similar to his performance on measures of skill learning, H.M. demonstrated acquisition of conditioned eyeblink responses, but he had no explicit memory of the training. Postsession interviews with H.M. revealed that he did not remember previous conditioning sessions and never had any insight about the relationship between the tone and airpuff. In contrast, NCS1 demonstrated his understanding of the toneairpuff contingency after training on Session 1. NCS1 told us that he blinked to the tone but that he did not think he did so on purpose. This description of responding in the EBCC experiment characterizes the implicit nature of the task. NCS1 expressed the view that he was not aware of thinking about blinking to the tone: It just happened. He did not remember to blink, but he found himself blinking when he heard the tone.
NCS1, NCS2, and the PE subject each demonstrated an awareness of the CS-US contingency, but H.M. did not. H.M. also conditioned more poorly than the other subjects. It is possible that knowledge about the CS-US contingency affects EBCC, but it is not clear that this awareness was the major reason for H.M.'s poorer performance. NCS1 articulated that he was not trying to blink to the tone. On the CS-alone trial, when the PE subject said, "Come on, I expected some water when the buzzer goes off," he did not produce a CR. Although he knew that the airpuff was coming, he did not blink. The issue of voluntary responding received research attention during the late 1950s and into the 1960s, and means of determining subjects who were voluntary responders were developed. On the basis of response latency (see Figures 4 and  7) , blink rate, and subjects' statements about their performance, it is concluded that NCS1, NCS2, and the PE subject were not purposely blinking to the tone. Rather, they blinked reflexively to the tone CS after associative learning took place.
Neural Substrates of Eyeblink Conditioning
H.M. was not a "pure" case with whom to test the effect of bilateral hippocampal removal on EBCC because he had atrophy of the cerebellar vermis and hemispheres. In rabbits, cerebellar cortical lesions ipsilateral to the conditioned eye increase the number of conditioning trials required for acquisition by almost seven times (Lavond & Steinmetz, 1989) . Cerebellar cortical tissue loss may have increased the number of conditioning trials required for H.M. to attain learning criterion.
There was no lesion control subject with bilateral removal of the hippocampus and no cerebellar damage. The control subject for cerebellar damage was a 54-year-old amnesic subject who had contracted herpes simplex encephalitis and had bilateral hippocampal lesions. Herpes simplex encephalitis damages CA1 pyramidal cells. Hippocampal pyramidal cells in rabbits are the cells that model the behavioral CR and UR (Berger & Thompson, 1978a; Berger et al., 1983) . The PE subject conditioned more rapidly than H.M. in both the delay and trace paradigms. The difference in conditioning performance between the 2 amnesic subjects may be the result of cerebellar cortical lesions in H.M. Cerebellar cortex may be important for the timing of movement, particularly when intervals of less than 0.5 s are involved. According to Brooks (1986) , the cerebellar cortex helps to program the relative timing and intensity of the action of muscles in a response. Keele and Ivry (1990) hypothesized that cerebellar cortex provides a critical computation of timing capability required in the performance of a variety of tasks, including EBCC. From this perspective, the cerebellar cortex provides the necessary temporal computation for the production of CRs. Damage to H.M.'s cerebellar cortex may account for the poor timing of his responses, especially his difficulty in producing CRs in the 400-ms CS-US delay interval on the paired trials.
In the case of the trace conditioning paradigm with its long CS-US interval, it has been observed in hippocampectomized rabbits that the timing of CRs is abnormal. Rabbits without a hippocampus produce short-latency CRs in a 750-ms CS-US interval trace paradigm (Port et al., 1986; Solomon et al., 1986) . The hippocampectomized rabbits' eyes are open by the time the US comes on. In this sense the CRs are nonadaptive because they do not eliminate any of the force of the airpuff. Moyer et al. (1990) observed a few short-latency CRs, but they saw fewer CRs of any kind in their hippocampectomized rabbits in a trace paradigm in which the CS was on for 100 ms and in which the US onset was 600 ms after CS onset.
We analyzed the latency of CRs in H.M. and the PE subject and found that they had fewer short-latency responses than NCS1 and about the same number as NCS2. Two years after the initial EBCC experiment, H.M. had only one short-latency response in Session 1 and no short-latency responses in Session 2 in the trace paradigm. In contrast to hippocampectomized rabbits that have short-latency, nonadaptive CRs (Port et al., 1986; Solomon et al., 1986) or very few CRs of any kind (Moyer et al., 1990) , these human subjects with bilateral hippocampal lesions had fewer short-latency eyeblinks than did the NCSs. The human amnesic subjects are different from hippocampectomized rabbits on many dimensions, one of which is the time lapsing between surgery and classical conditioning. Rabbits were conditioned 1 to 2 weeks after surgery. H.M.'s operation was performed 38 years ago, and the PE subject had his acute episode more than 3 decades ago. Shortly after surgery, before the brain has fully recovered, subjects of any species are more likely to give abnormal responses. On the other hand, in the delay paradigm, rabbits with bilateral removal of the hippocampus give normal CRs within several weeks of surgery (Schmaltz & Theios, 1972; Solomon & Moore, 1975) . The question of whether EBCC in the trace paradigm is more vulnerable to hippocampal lesions than in the delay paradigm requires additional research. Data from H.M. and the PE subject indicate that the hippocampus is not essential for acquisition and retention in the 900-ms trace paradigm with a 500-ms trace. In different trace paradigms, especially if the trace interval were extended beyond 500 ms, these amnesic subjects might be impaired.
To our knowledge, the present report provides the only human data on bilateral hippocampectomy in the trace classical conditioning paradigm; these data indicate that acquisition is possible. Acquisition was also demonstrated in H.M. in the delay paradigm. The dependent measures of percentage of CRs in CS-alone trials and savings at the 5-week retest suggested that H.M.'s EBCC in the delay paradigm was normal. However, the dependent measures of CR percentage for paired CS-US trials, response latency, and trials to learning criterion suggest that EBCC was abnormal in H.M., apparently because of his slowness to respond. In the longer CS-US interval trace paradigm, all dependent measures of classical conditioning were in the normal range for H.M. The PE subject showed normal EBCC in both the delay and trace paradigms. These results suggest that humans with bilateral medial-temporal-lobe lesions can acquire the conditioned eyeblink response in the 900-ms trace as well as in the 400-ms delay classical conditioning paradigm. In H.M., this acquisition occurred despite almost total bilateral hippocampal removal.
